We propose that inflation and dark matter have a common origin, connected to the neutrino mass generation scheme. As a model we consider spontaneous breaking of global lepton number within the seesaw mechanism. We show that it provides an acceptable inflationary scenario consistent with the recent CMB B-mode observation by the BICEP2 experiment. The scheme may also account for the baryon asymmetry of the Universe through leptogenesis for reasonable parameter choices.
Introduction
The need to account for neutrino mass [1, 2] as well as cosmological issues such as the explanation of dark matter [3] , inflation [4] [5] [6] and the baryon asymmetry [7] suggests that the standard model must be extended. The recent measurent by the BICEP2 experiment of the tensor-to-scalar ratio parameter r = 0.20
+0.07
−0.05 [8] of the primordial fluctuations of the cosmic microwave background (CMB) has caused tremendous interest, see for instance [9] and references therein. The possible discovery of gravity waves, if confirmed, would certainly count as one of the greatest in cosmology. Apart from such intrinsic significance, the measurement of nonzero r implies important constraints on inflationary models of the Universe. Here we consider the simplest type-I seesaw scenario [10] [11] [12] [13] [14] [15] 1 of neutrino mass generation in which lepton number is promoted to a spontaneously broken symmetry, within the standard SU(3) c ⊗ SU(2) L ⊗ U(1) Y gauge framework [16, 17] . In order to consistently formulate the spontaneous violation of lepton number within the SU(3) c ⊗ SU(2) L ⊗ U(1) Y model, one requires the presence of a lepton-number-carrying complex scalar singlet, σ, coupled to the singlet "right-handed" neutrinos ν R . The real part of σ drives inflation through a Higgs potential [18] [19] [20] [21] [22] while the imaginary part, which is the associated Nambu-Goldstone boson, is assumed to pick up a mass due to the presence of small explicit soft lepton number violation terms in the scalar potential, whose origin we need not specify at this stage. For suitable masses such a majoron can account for the dark matter [23] , consistent with the CMB observations [24] .
We show how, for reasonable parameter choices, this simplest scenario for neutrino masses provides an accept-able inflationary scenario. The scheme has also the potential to account for baryogenesis through leptogenesis. A previous attempt relating inflation to neutrinos can be found in [25] where a supersymmetric model was suggested in which the right-handed sneutrino drives chaotic inflation.
Preliminary considerations
Our model is the simplest type-I seesaw extension of the standard SU(3) c ⊗ SU(2) L ⊗ U(1) Y model with a global lepton number symmetry. In addition to the standard model fields we add three generations of righthanded neutrinos and a complex singlet σ carrying two units of lepton number. The relevant invariant Yukawa interactions are
where denotes the lepton doublet, Φ is the Higgs boson and τ 2 is the second Pauli matrix. After symmetry breaking characterized by the lepton number violation scale v L = σ [16, 17] and the usual electroweak scale Φ ≡ v 2 the resulting seesaw scheme is characterized by singlet and doublet neutrino mass terms, described by
in the basis ν L , ν R . The Yukawa coupling matrix Y D generates the "Dirac" neutrino mass term, while Y N gives the right-handed Majorana mass term. While the former is in principle arbitrary, the matrix Y N characterizing the coupling of σ to the right-handed neutrinos is symmetric and can be taken diagonal and with real positive entries without loss of generality. The effective light neutrino mass, obtained 
This relation is consistent with tiny neutrino masses of order 10
Scalar potential
We now turn to the dynamical justification of this scenario 2 , starting from the scalar potential. The tree level Higgs potential associated with the singlet and doublet scalar multiplets σ and Φ is a simple extension of that which characterizes the standard model,
where V Φ is the SM potential. As will become clear later, inflation and neutrino masses require that σ Φ . We also consider λ mix to be negligible in order to use the small decay width approximation [22] . The inflaton is identified with the real part of σ
and we parametrize the effective potential in the leadinglog approximation, with the renormalization scale fixed at v L , as [26] 
where a = β λ 16π 2 λ and the coefficient β λ is given as
The last approximation λ Y N will be justified later. An analysis of the potential reveals that a > ∼ −0.2 ensures a consistent local minimum. MP . The contours are the 68% and 95% CL allowed region, combining PLANCK, WP, highL and BICEP2, given in [8] and N is taken to be 60.
Inflation scenarios
Here we consider the radiatively corrected ρ 4 potential. Inflation takes places as the inflaton slowly rolls down to the potential minimum either from above (σ > v L ) or from below (σ < v L ). The inflationary slow-roll parameters are given by
where prime denotes a derivative with respect to ρ and M P = 2.4 × 10 18 is the (reduced) Planck mass. The slow-roll approximation is valid as long as the conditions , |η|, ζ 2 1 hold. In this case, the scalar spectral index n s , the tensor-to-scalar ratio r, and the running of the spectral index α are given by
The amplitude of the curvature perturbation ∆ R is
Solutions above the VEV (ρ > vL) vL(MP ) log 10 (λ) ns r α (10 and is taken as ∆ 2 R = 2.215 × 10 −9 to fit PLANCK CMB anisotropy measurements [27] , with the pivot scale chosen at k 0 = 0.05 Mpc −1 . Finally, the number of e-folds realized during inflation is
where ρ 0 is the field value that corresponds to k 0 and ρ e denotes the value of ρ at the end of inflation, ie. when (ρ e ) ≈ 1. At this stage we have four parameters (Y D , a, v L and λ) for five observables (m ν , r, n s , α and ∆ 2 R ). Once we calculate ρ e and ρ 0 , λ is fixed from the constrain on ∆ We will consider two limits: v L > M P , the so-called Higgs inflation as well as v L M P when the scalar potential considered in Eq. (7) reduces to the radiatively corrected quartic inflation [28] .
I. Higgs inflation
This scenario requires trans-Planckian vevs. The seesaw relation, Eq. (4) imposes Y N 1 in order to suppress the right handed neutrino mass. For instance for v L = 10 3 M P , one gets Y N ≈ 10 −6 , a value similar to the electron Yukawa coupling. The Coleman-Weinberg radiative corrections are negligible in this case and we consider only the tree level potential. Black lines in Fig. (1) show the predicted values of r and n s obtained by varying v L and taking the number of e-foldings N = 60. The allowed 68% and 95% CL contours are indicated. The dashed line is when the inflaton rolls from "below" (ρ < v BL ) while the solid one is for the opposite case. Both branches converge toward quadratic (indicated by a triangle) inflation in the limit ρ → ∞, (n s , r)=(0.967, 0.132). We show various values of v L as small circles. The small vev limit, depicted by a big circle corresponds to the textbook quartic inflation potential, (n s , r)=(0.951, 0.262). The running of the spectral index, α, is depicted in Fig. (2) . In Fig. (3) 
II. Quartic inflation
The sub-Planckian inflationary scenario v L M P , in principle physically more attractive, is well approximated by the quartic potential. In this case, Y N can be large so that the radiative corrections to the ρ 4 potential should be taken into account. The quantum corrections allow us to depart from the fixed textbook prediction of quartic inflation to lie closer to the BICEP2 region. 
Dark matter and leptogenesis
In the limit where lepton number is an exact symmetry of the Lagrangian, lepton number violation is purely spontaneous so that the associated Nambu-Goldstone boson, i.e. the majoron, given as the imaginary part of σ, is strictly massless. However soft explicit lepton number violation may arise from a variety of sources, including quantum gravity effects [29, 30] . Motivated by these considerations in fact the KeV majoron has been suggested as a viable dark matter candidate [23] much before the precise CMB observations from WMAP and PLANCK were available. Being a Goldstone boson associated with the spontaneous breaking of ungauged lepton number, the massive majoron will decay to a pair of neutrinos through a small coupling dictated by Noether's theorem to be proportional to the small neutrino mass [17] .
The existence of this two-neutrino decay mode modifies the power spectrum of the cosmic microwave background temperature anisotropies [24] . One can determine the majoron lifetime and mass values required by the CMB observations in order for the majoron dark matter picture of the Universe to be consistent. It has been shown that the majoron provides an acceptable decaying dark matter scenario for suitably chosen mass values [31] which depend on whether or not the majorons are thermal or not. If the majoron production cannot be thermal, as it may be the case in the first inflationary scenario we considered, due to the smallness of the Y N and λ mix couplings, one can still consider non-thermal mechanisms such as freeze-in [32] or scalar field oscillations [33, 34] . Moreover, in such non-thermal case, the mass of the majoron is not constrained to be of O(KeV) and can lie in a large range depending on the details of the mechanism under consideration. Turning now to leptogenesis [35] we note that after spontaneous lepton number violation occurs at the scale v L the type I seesaw mechanism is generated and the Universe reheats at the same time. The presence of righthanded neutrinos with direct couplings to the inflaton field is an important ingredient for leptogenesis [36] . 
Conclusions
We have suggested that neutrino masses, inflation and dark matter may have a common origin. We have illustrated this with the simplest type-I seesaw model with spontaneous breaking of global lepton number. The resulting inflationary scenario is consistent with the recent CMB B-mode observation by the BICEP2 experiment. On the other hand, the scheme may also account for majoron dark matter and possibly also leptogenesis induced through the out-of-equilibrium decays of the right-handed neutrinos, for reasonable parameter values. If supersymmetry is invoked, then one has a majoron version of the supersymmetric type I seesaw, in which lepton flavour violation processes may be within the reach of future experiments .
